A combined study of magnetic susceptibility and AC resistance was performed on melt-spun Cu-Co granular magnetic ribbons. The AC resistance as a function of temperature has a sharp maximum. We associate it with a diverging correlation length at the temperature of collective freezing of magnetic moments via increasing magnetic losses in the induced non-uniform field. Application of this model to the experimental data allows a direct determination of the critical exponent of correlation length ν on both sides of the transition. Giant AC magnetoresistance is observed at the freezing temperature. PACS numbers: 75.50. Lk, 75.50.Tt, 75.40.Gb 1 Magnetic relaxation in oversaturated magnetic alloys such as Cobalt solutions in Copper, where concentration of Co exceeds several percent, reflects the complexity of the structure where interacting magnetic nanoparticles co-exist with the solid solution phase [1] . One relaxation process present in the system is due to random jumps of moments of individual nanometer-scale ferromagnetic particles over the anisotropy barriers. This process leads to a phenomenon referred to as superparamagnetism [2] . At a given measurement time, or frequency, the particle moment is blocked at temperatures lower than the so-called blocking temperature T B . Magnetic susceptibility of an array of particles of distributed sizes will have a maximum at some effective blocking temperature, which can also depend on dipole-dipole interactions. The latter may contribute to the magnetic relaxation of the ensemble via corrections to the individual magnetic particle barrier [3] . It has been shown that dipole-dipole interactions between magnetic particles can also lead to a spin-glass like collective phenomena [4, 5] , similar to those in traditional spin glasses [6] . This can cause a susceptibility anomaly at the freezing temperature, which can co-exist with a broader transition associated with blocking of particles [7] . Besides, exchange interactions in a frustrated and disordered system of spins of magnetic atoms dissolved in non-magnetic matrix, may also contribute to the spin-glass behavior [1] . Experimentally, the effects of blocking and spin-glass freezing can be investigated using the frequency (or time) dependence of the temperature-dependent susceptibility [8] . Another possibility is to investigate the scaling of nonlinear susceptibility [5] which is more sensitive to the spin-glass transition than the zero-field susceptibility [6] .
Magnetic relaxation in oversaturated magnetic alloys such as Cobalt solutions in Copper, where concentration of Co exceeds several percent, reflects the complexity of the structure where interacting magnetic nanoparticles co-exist with the solid solution phase [1] . One relaxation process present in the system is due to random jumps of moments of individual nanometer-scale ferromagnetic particles over the anisotropy barriers. This process leads to a phenomenon referred to as superparamagnetism [2] . At a given measurement time, or frequency, the particle moment is blocked at temperatures lower than the so-called blocking temperature T B . Magnetic susceptibility of an array of particles of distributed sizes will have a maximum at some effective blocking temperature, which can also depend on dipole-dipole interactions. The latter may contribute to the magnetic relaxation of the ensemble via corrections to the individual magnetic particle barrier [3] . It has been shown that dipole-dipole interactions between magnetic particles can also lead to a spin-glass like collective phenomena [4, 5] , similar to those in traditional spin glasses [6] . This can cause a susceptibility anomaly at the freezing temperature, which can co-exist with a broader transition associated with blocking of particles [7] . Besides, exchange interactions in a frustrated and disordered system of spins of magnetic atoms dissolved in non-magnetic matrix, may also contribute to the spin-glass behavior [1] . Experimentally, the effects of blocking and spin-glass freezing can be investigated using the frequency (or time) dependence of the temperature-dependent susceptibility [8] . Another possibility is to investigate the scaling of nonlinear susceptibility [5] which is more sensitive to the spin-glass transition than the zero-field susceptibility [6] .
In this Letter, we use AC resistance measurements as a tool for unambiguous and direct observation of the spin-glass-like transition in a conducting magnetic granular system. The measurements were performed on melt-spun Cu 0.85 Co 0.15 ribbon samples. While the DC resistivity has no appreciable anomaly at the freezing temperature, the AC resistance clearly reflects magnetic losses associated with a diverging correlation length in collective freezing. The idea is simple. Let us consider energy loss which is associated with the imaginary part χ ,, of the magnetic susceptibility χ = χ , +iχ ,, . If an uniform AC magnetic field H is maintained at constant amplitude and frequency in a macroscopically homogeneous dispersive medium of volume V, the dissipation of energy per unit time can be expressed as [9] 
Here .... means the time average, and susceptibility in general depends both on frequency and field amplitude. This energy is taken from the external source. Assume a sample made of a conducting material, which is also dispersive with respect to magnetic field. In a typical AC resistance experiment, an oscillating current of fixed amplitude flows along the sample long axis, and the in-phase and out-of-phase voltages are measured between the potential contacts to obtain the resistance R and the reactance X. Magnetic field associated with the current will cause additional losses and hence an additional resistance δR. Because of non-uniformity of the field, magnetic dissipation may generally depend on the field distribution and on spacial derivatives. In particular, spin-glass type freezing is a collective effect characterized by a diverging correlation length ξ ∝ T Tg
, where T g is the freezing temperature and ν is the critical exponent [8] . We thus expect an effective additional loss when the field variation is big on the length scale ξ. From dimensionality considerations, in addition to the term proportional to H 2 , the expression for the additional resistance will then contain terms proportional to ξ 2 (∇H) 2 and ξ |H∇H| :
where the field is now dependent on the spatial coordinates, and χ ,,
∇2 are coefficients for the gradient-dependent terms, while χ ,, is the imaginary part of the exclusive fielddependent susceptibility. It is shown in this Letter that the spin-glass-type relaxation in a system of interacting particles leads to a considerable increase of AC resistance near the freezing temperature. It is important to note that relaxation of individual magnetic moments near the blocking temperature has practically no effect on resistance in our experiment. The method is probing primarily the process with long range correlations.
The melt-spun Cu 0.85 Co 0.15 ribbons were annealed in vacuum by Joule heating with a DC current, and microstructure was controlled by simultaneously on-line monitoring the change of resistance during annealing, following the method of Refs. [8, 10] . The as-quenched sample is a non-equilibrium solution with a small amount of Co-rich nanoscale particles. Annealing produces Co precipitation in Co-rich phases at the expense of the solid solution [7] . Technically, annealing was performed with increasing current until the resistance reached a minimum, which leads to effective Co precipitation [10] . AC susceptibility and resistance measurements were done using the Quantum Design Physical Property Measurement System (PPMS). AC susceptibility was measured in the available frequency range 10 − 10
4 Hz, and resistance in the range 1 − 10 3 Hz. The samples had typically the dimensions 0.050 × 2 × 10 mm 3 . In the AC susceptibility experiments, the external magnetic AC field was applied parallel to the sample plane and perpendicular to the long axis, and the moments were measured in the direction parallel to the field. For resistance measurement, contacts were done by mechanically pressing four parallel wires to the sample, with the separation between the voltage contacts of about 4 mm. In the AC magnetoresistance experiments, the external DC field was perpendicular to the current but parallel to the sample plane. Figure 1 shows temperature dependencies of the real and imaginary parts of susceptibility at a frequency f = 100 Hz and AC field amplitude H = 10 Oe, both for the as-quenched and annealed samples. Two features of the complex susceptibility as a function of temperature are revealed which are referred to as the α -anomaly (dip), and the β -anomaly (peak). The β -peak is broad, and has its counterpart in DC zero field cooled magnetization measurements (not shown here). We associate this feature with the blocking of individual moments of Co nanoparticles (see discussion below). After annealing, the β -peak shifts to higher temperatures due to the increase of the average particle size and hence the anisotropy barriers. The blocking temperature T B measured at the maximum of χ ,, changes from 10 K to 40 K with annealing. The α -anomaly is observed at about 33-34 K, almost at the same position for both samples, as a small dip in χ , , and a much sharper dip in χ ,, . This anomaly is superimposed on a much broader β -peak. The α -anomaly is apparently due to the nonlinear part of the complex susceptibility M/H = χ−H 2 χ nl +O(H 4 ). For spin glasses, the nonlinear susceptibility diverges at the spin-glass-like transitions as [6] 
, where the critical exponent γ = 2.9 ± 0.3 according to computer simulations. [11] The positions of both anomalies are frequency-dependent. Although the Cu-Co system has been extensively studied by means of ac susceptibility, it is worth noting that the α-anomaly has not been detected by many authors, probably with the single exception of Ref. [7] . This is likely because of the narrow temperature range where it is observed and because it is imposed on a bigger feature of β -peak. Besides, we found that the α -dip is less pronounced when the measurement is done in smaller fields. In other words, it is non-linear. Figure 2 shows the temperature dependence of AC resistance of the annealed sample measured at AC current of 100 mA and different frequencies. In the DC limit, as expected, the dependence is linear at high temperatures and has a small negative slope at low temperatures. However the AC resistance shows a sharp peak at the temperature close to 33 K, in excellent correlation with the α -anomaly of susceptibility (compare with Fig. 1 ). The additional resistance in the maximum, δR = R(ω) − R(0), scales linearly with frequency in the range 1 Hz -1 kHz, and practically does not depend on the amplitude of AC current in the range 100 µA -100 mA. The frequency dependence δR ∝ ω is predicted by Eq. (2). The independence on current also follows from Eq. (2) since both H and ∇H are proportional to I. Data for the as-quenched sample are qualitatively similar, thus not shown here. The only apparent difference with Fig. 2 , apart from larger DC resistance, is a small (within 0.5 K) shift in the temperature of the maximum, and a smaller value of δR.
One striking result of the AC resistance measurements is that the β -peak of susceptibility measured in the uniform magnetic field (Fig. 1) gives no detectable contribution to the losses and to the resistance. However, it is worth noticing that the AC resistance measurement is intrisically associated with a non-uniform magnetic field. The maximum dissipation (Q ∝ δR) is correlated with the α-anomaly where χ ,, is in fact a minimum (Fig. 1 ). This leads us to an important conclusion that δR is associated primarily with the gradient-containing terms in Eq. (2). These terms scale with the correlation length ξ which increases dramatically at the temperature of collective freezing of magnetic moments. On the other hand, blocking of moments is not correlated, it is an individual process for each magnetic particle, where interactions may play only a secondary role in modifying the barrier height. There has been much, sometimes controversial, discussion in the literature regarding the susceptibility anomalies in granular magnets, see for example Refs. [3] [4] [5] [6] [7] [8] . Measurement of AC resistance associated with magnetic loss may provide answers to many questions about the origin of these anomalies in many particular systems. A peak would be a signature of a collective effect. We refer to the α-anomaly as to spin-glass like rather than spin glass transition because of the following reason. Annealing reduces considerably the concentration of magnetic atoms in the solid solution matrix. This should have lead to a reduction of the exchange interaction of magnetic atoms dissolved in the matrix because of its short range character. However, annealing does not change appreciably the transition temperature T g . This is why we associate the microscopic origin of the observed collective behavior to long-range dipole-dipole interactions in a system of magnetic nanoparticles.
Analysis of the AC resistance peak in terms of Eq. (2) allows a direct evaluation of the critical exponent of correlation length ν for the spin-glass-like transitions. Leaving only the leading term in the field gradient under the integral results in the relation δR ∝ ξ |H∇H| . Figure 3 shows the δR = R(1000Hz) − R(0) as a function of | T Tg − 1|, both for T > T g (right hand side of the Figure) and T < T g (left-hand side), on a double logarithmic scale. The exponent ν is found as a slope of the linear part of each curve on either side of the transition. The values of the exponent are about 1.5 at T > T g and close to 1.0 at T < T g . But they do not differ considerably between the as-cast and the annealed samples. The obtained values of ν are within the range of experimental values (ν = 1.0 − 2.0) for different traditional spin glasses deduced from nonlinear susceptibility measurements (see Ref. [6] , p. 260), and are close to the computer simulation result ν = 1.3 ± 0.1. [11] Ref. [5] gives a value of ν = 2.15 ± 0.15 for a FeC nanoparticle system. We believe that an advantage of our analysis is that the critical exponent is measured independently and directly, while in the traditional methods it is calculated from other exponents, based on scaling relations. Another advantage is the possibility to study the critical behavior on both sides of the transition. It is an interesting question why does the AC resistance not diverge to infinity at T g together with the correlation length, but the maximum is rounded instead as seen in Figs. 2, 3 . We suppose that this is related to the finite size of the sample (finite size scaling). As ξ becomes larger than the sample size (thickness), the latter becomes the relevant size scale to be used in Eq. (2) .
Another effect related to the AC resistance divergence is a large magnetoresistance close to the freezing temperature. Its origin can be understood from the data in the inset of Fig. 2 . Application of an external DC magnetic field leads to a decrease of the resistance maximum and a shift of its position to lower temperatures, hence to magnetoresistance at a fixed temperature. Figure 4 shows the dependence of resistance in the as-cast sample on magnetic field at several fixed temperatures around the resistance maximum. Notice a transition from the single peak behavior at T > T g to a double peak structure below T g . This effect can be called Giant AC magnetoresistance, or G(AC)MR by analogy with Giant magnetoresistance GMR, [12] Giant magnetoimpedance GMI [13] and Giant Hall effect GHE [14] which have been studied recently. However the origin of G(AC)MR is clearly different from all the above mentioned effects. G(AC)MR will be an object of a special investigation.
To conclude, the results of our AC resistance measurements (Fig. 2) and analysis with the help of Eqs. (2) and (3) show that AC resistance is an excellent probe for spin-glass or spin-glass like transition. In particular it can help distinguish spin-glass like anomaly from other relaxation processes in granular magnetic systems with rich features in its susceptibility behavior. This is due to the sensitivity of this method to relaxation processes associated with large correlation length. Unlike collective freezing, blocking of individual moments does not contribute to the AC resistance. Based on the experimental data, we determined the critical exponent of correlation length directly and independently, both below and above the freezing temperature. We also observed a giant AC magnetoresistance G(AC)MR near the freezing temperature. H (Oe)
